The plasma kallikrein-kinin system (KKS), first recognized over 40 years ago, was originally believed to contribute to physiologic hemostasis. At the time, factor XII (Hageman factor, FXII) and the related proteins prekallikrein (PK) and high molecular-weight kininogen (HK) were known to be essential for efficient surface-activated blood coagulation, as measured in the activated partial thromboplastin time (APTT) test. Indeed, in this test, autoactivation of FXII in glass tubes promotes thrombin formation.
prekallikrein (PK) and high molecular-weight kininogen (HK) were known to be essential for efficient surface-activated blood coagulation, as measured in the activated partial thromboplastin time (APTT) test. Indeed, in this test, autoactivation of FXII in glass tubes promotes thrombin formation.
According to the then-current "contact activation" hypothesis, FXII activation on a negatively charged surface was thought to initiate hemostasis in a similar manner by a cascade of proteolytic reactions that culminate in thrombin formation. This model was undermined by the failure to identify such a physiologically relevant surface, coupled with evidence that individuals deficient in FXII, PK, or HK are free of bleeding disorders. In addition, the recognition that factor XI, whose deficiency is associated with bleeding, can be activated by thrombin provided a bypass mechanism that obviated a need for FXII to activate factor XI.
Only over the last 6 years have alternative explanations for the physiologic role of the KKS and its assembly and activation begun to emerge. Rather than assembling on a negatively charged surface such as that used in the APTT test, the proteins of the plasma KKS are now known to bind a multiprotein receptor complex in the intravascular compartment. As shown in Figure 1 , HK, the critical regulator of plasma KKS assembly and activation, binds an endothelial cell surface receptor complex containing cytokeratin 1 (CK1), urokinase plasminogen activator receptor (uPAR), and gC1qR (1) (2) (3) (4) (5) (6) . Recent studies with cultured human umbilical vein endothelial cells indicate that FXII can also bind to this receptor (7) , but that this interaction is highly regulated. Plasma concentrations of HK completely block FXII binding to the multiprotein receptor complex. Further, FXII binding requires a 30-fold higher free Zn 2+ concentration than does HK, which can only be achieved in a milieu of activating platelets or other cells (7) . Thus, under physiologic conditions, HK binds to this endothelial cell complex but FXII is prevented from doing so.
Mechanisms of KKS activation
This interaction of HK with its endothelial cell-surface receptor is key to the regulated activation of PK, which circulates in the plasma in a complex with HK. Work with cultured endothelial cells suggests a novel mechanism by which HK-bound PK is rapidly converted to kallikrein in a process that is independent of FXII (8, 9) . On cultured endothelial cells and cell matrices, FXII activation occurs subsequent to PK activation (9, 10) . Activated forms of FXII thus do not initiate PK activation, although they can feed back to increase the rate and extent of its activation. Activation of PK -unlike that of a structurally related zymogen, factor XI -can therefore proceed even in the absence of factor XIIa (11) . As shown in Figure 1 , endothelial cell-associated active kallikrein then cleaves HK to liberate bradykinin. The assembly of the HK•PK complex on endothelial cells is thus predicted to lead to constitutive production of bradykinin, which can then activate the bradykinin B 2 receptor. Activation of this receptor regulates vascular tone by stimulating NO formation in endothelial cells (12) .
This mechanism for bradykinin production depends on the activity of an endothelial cell-borne PK activator, whose identity was unknown until quite recently. We have now reported that the serine protease prolylcarboxypeptidase (PRCP, lysosomal carboxypeptidase, angiotensinase C) represents one such enzyme (13) . Its K m for PK (7 nM) is consistent with a physiologic role as a specific PK activator (13) , and it is found on endothelial cell membranes and in the endothelial cell-endomembrane system that communicates between the cell's lysosomal and membrane compartments. Previous investigations by Erdös and colleagues identified angiotensin II (K m = 0.2 mM) and bradykinin (K m = 1 mM) as substrates of the same processing enzyme (14) . PRCP can activate the biologically inert angiotensin I or the vasoconstrictor angiotensin II to form angiotensin II [1] [2] [3] [4] [5] [6] [7] , a biologically active peptide that induces vasodilation by stimulating NO formation (15, 16) (Figure 2) . The finding that PRCP also activates PK indicates that it can produce two biologically active peptides, bradykinin and angiotensin II [1] [2] [3] [4] [5] [6] [7] , each of which can reduce blood pressure, counterbalancing the vasoconstrictive effects of angiotensin II.
The KKS in thrombosis
The known ability of angiotensin II to induce plasminogen activator inhibitor 1 secretion implicates the reninangiotensin system (RAS) in promoting thrombosis (17) . The recent findings that PRCP activates PK (13) and inactivates angiotensin II (14) indicate an important and previously unappreciated interaction between the plasma KKS and the RAS (Figure 2 ), suggesting that these pathways jointly not only regulate blood pressure, but may also influence thrombosis. Two other known interactions between the KKS and the RAS have already been documented: plasma kallikrein can activate prorenin to renin (18) , while angiotensin-converting enzyme (kininase II) can convert bradykinin into the thrombin-inhibitory peptide bradykinin [1] [2] [3] [4] [5] and can also convert angiotensin I to angiotensin II (19, 20) . The plasma KKS is therefore predicted to be anticoagulant and profibrinolytic (8, 16) . Indeed, bradykinin is a potent stimulator of NO formation, prostacyclin liberation, and tissue plasminogen activator release as well as an inhibitor of thrombin (12, (20) (21) (22) . Moreover, kallikrein is a kinetically favorable activator of single-chain urokinase (8) . Considering the established role of bradykinin as a hypotensive peptide, it appears that the plasma KKS serves as a physiologic counterbalance to the hypertensive, prothrombotic RAS (Figure 2 ).
Evidence for the physiologic activities of the KKS
To date there has been a paucity of animal models in which the role of the plasma KKS can be studied. One such model is the bradykinin B 2 receptor knockout mouse (BKB 2 R -/-). Mice with
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Figure 2
The interaction between the plasma KKS and RAS. Plasma kallikrein converts prorenin to renin, and renin has the ability to convert angiotensinogen to angiotensin I. Angiotensin-converting enzyme (ACE) converts inactive angiotensin I to the vasoconstrictor angiotensin II. Angiotensin II stimulates plasminogen activator inhibitor 1 (PAI1) release from endothelial cells. At the same time ACE degrades bradykinin into bradykinin(1-7) (not shown) or bradykinin(1-5), a peptide with thrombin inhibitory activity. PRCP is the enzyme that degrades angiotensin II or angiotensin I to the vasodilating peptide, angiotensin II(1-7). Angiotensin II(1-7) stimulates NO and PGI2 formation, which potentiates the effects of bradykinin. PRCP also has the ability to convert PK to kallikrein. Formed kallikrein digests kininogens to liberate bradykinin, leaving a kinin-free kininogen (HKa) that has anti-proliferative and anti-angiogenic properties. Thus, PRCP, the same enzyme that degrades the vasoconstrictor angiotensin II, leads to the increased formation of the vasodilators bradykinin and angiotensin II (1-7) . Finally, the resulting bradykinin stimulates tPA, NO, and PGI2 formation, thus counterbalancing the prothrombotic effect of angiotensin II.
this defect have cardiac hypertrophy, chamber dilatation, and elevated left ventricular end-diastolic pressure, and they show exaggerated vasopressor responses to angiotensin II (23) . In the presence of angiotensin II infusion, these animals have increased blood pressure and reduced renal blood flow (24) . They also experience a diminished cardioprotective benefit from angiotensin I receptor antagonists and angiotensin-converting enzyme inhibitors, relative to the response of wild-type mice after ischemia-induced heart failure (25) . This animal model links bradykinin with angiotensin II in the development of cardiac disease, but leaves open the question of their interrelationship in the area of thrombosis, where the expected phenotype is by no means obvious. While it is possible that the BKB 2 R -/-mouse will prove to be prothrombotic due to impaired tPA, NO, and prostacyclin liberation, the animal could equally be protected from thrombosis as a result of reduced metabolism of bradykinin. In this issue of the JCI, Han et al. present another animal model that addresses a different prediction of the model proposed above, namely the idea that bradykinin is continuously formed in the intravascular compartment. These authors have studied mice deficient in the C1 inhibitor (C1 INH) (26) , an inborn error that, in humans, is associated with hereditary angioedema (HAE). C1 INH, a member of the serpin family of serine proteinase inhibitors, is a major inhibitor of C1r, C1s, plasma kallikrein, and factor XIIa. C1INH -/-mice show reduced plasma C4 levels and low plasma total complement levels from chronic complement activation as a result of their C1 INH deficiency. It is of interest that these mice survive gestation, since homozygous humans deficient in C1 INH have never been described. Both homozygous and heterozygous mutant mice exhibit increased vascular permeability after injection of Evans blue dye. This phenotype can be corrected by providing exogenous C1 INH.
Crucially, mice doubly deficient in both C1 INH and the bradykinin B 2 receptor are protected from this effect, indicating that the increase in vascular permeability is mediated by bradykinin (22) . These data indicate that bradykinin is the key mediator of the edema in these animals, and presumably in HAE patients as well. Since these animals show constitutively increased permeability, due to liberated bradykinin, plasma kallikrein formation also occurs continuously in the intravascular compartment. This interpretation is consistent with the mechanism of PK activation shown in Figure 1 . The C1INH -/-mice provide in vivo support for this model of intravascular kallikrein formation, which was developed based on cell culture studies. There is presently no evidence that C1 INH inhibits endothelial surface-bound kallikrein as it does in solution, but it will be important to test this possibility.
In sum, recent investigations indicate a physiologic basis for assembly and activation of the plasma KKS. These mechanisms for assembly and activation of the plasma KKS suggest that it is the physiologic counterbalance to the RAS. The interaction of these two systems represents a direct link between blood pressure regulation and thrombosis. The details of this emerging paradigm are likely to be further elucidated by additional animal models such as the one described here by Han et al. (26) .
